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Anthropogenic global warming may be accelerated by a positive
feedback from the mobilization of methane from thawing Arctic
permafrost. There are large uncertainties about the size of carbon
stocks and the magnitude of possible methane emissions. Methane
cannot only be produced from themicrobial decay of organic matter
within the thawing permafrost soils (microbial methane) but can
also come from natural gas (thermogenic methane) trapped under
or within the permafrost layer and released when it thaws. In the
Taymyr Peninsula and surroundings in North Siberia, the area of the
worldwide largest positive surface temperature anomaly for 2020,
atmospheric methane concentrations have increased considerably
during and after the 2020 heat wave. Two elongated areas of
increased atmospheric methane concentration that appeared during
summer coincide with two stripes of Paleozoic carbonates exposed
at the southern and northern borders of the Yenisey-Khatanga Ba-
sin, a hydrocarbon-bearing sedimentary basin between the Siberian
Craton to the south and the Taymyr Fold Belt to the north. Over the
carbonates, soils are thin to nonexistent and wetlands are scarce.
The maxima are thus unlikely to be caused by microbial methane
from soils or wetlands. We suggest that gas hydrates in fractures
and pockets of the carbonate rocks in the permafrost zone became
unstable due to warming from the surface. This process may add un-
known quantities of methane to the atmosphere in the near future.

permafrost | thermogenic methane | gas hydrate | global warming |
Siberia

In a warming world, the release of CO2 and methane from thawing
permafrost to the atmosphere may lead to a positive feedback by

increasing the concentration of greenhouse gases (1–3). Methane is
particularly critical because of its high global warming potential per
mass unit. In review articles on this subject, the focus is mainly on
organic matter stored in frozen soils and its microbial decay and
release as microbial methane upon thawing (1–3). However, ther-
mogenic methane, i.e., natural gas from the deeper subsurface,
may also contribute to the feedback. A proportion of thermogenic
methane in addition to the dominant microbial methane was
found in gas emission craters in Western Siberia (4). For the
subsea permafrost in the East Siberian Arctic Shelf, it was argued
that thawing can make the permafrost layer permeable for gas
stored as hydrates or as free gas within the permafrost layer and
also for subpermafrost gas (5). Isotopic signatures of methane
released in the East Siberian Arctic Shelf are consistent with an
origin as old, deep, and likely thermogenic methane (6).
In 2020, Siberia saw an extreme heat wave (7). The maximum of

the annual surface temperature anomaly, of up to 6 °C above the
1979–2000 baseline, was located on the Taymyr Peninsula in North
Siberia (https://climatereanalyzer.org/). The atmospheric concen-
trations of methane in northern Siberia show a marked increase
since June 2020, revealed by the PULSE map of methane con-
centrations (https://pulse.ghgsat.com/). The increase was strongest
in July/August 2020 and in March/April 2021. During summer,
2020, two conspicuous elongated areas of increased methane

concentration (in the following: “elongated maxima”) appeared
(Fig. 1), approximately parallel to each other, several hundred
kilometers long, and trending SW–NE. In early 2021, methane
concentration increased over the entire area. In the present com-
munication, we demonstrate the geological significance of these
maxima and discuss possible reasons for the increased methane
concentrations, as well as consequences for the permafrost–methane
feedback.

Results
The two elongated methane concentration maxima correlate well
with two stripes characterized by outcrops and stone runs of car-
bonate rocks (Fig. 2). In these two areas, soil is thin to nonexistent,
i.e., the carbonate rocks crop out at the surface, vegetation is
scarce, and the proportion of wetlands is low. The northern line-
ament coincides with the Early Paleozoic Siberian passive-margin
carbonate succession. The southern lineament mimics outcrops of
Paleozoic carbonates covering the rim of the Siberian Craton.
The area between the two lineaments is occupied by Late Pa-
leozoic and Mesozoic, predominantly clastic sedimentary rocks
of the Yenisey-Khatanga Basin (8). The region is underlain by
continuous permafrost about 700 m thick in the Yenisey-Khatanga
Basin (9).
We studied the evolution of methane concentrations using

PULSE, an interactive map of atmospheric methane concentrations
launched in 2020 and based on satellite spectroscopy. PULSE shows
monthly concentration averages with a 2 × 2-km resolution. The
map for a certain date shows concentration averaged over the
preceding month. Absolute concentrations are only approximate,
but spatial and temporal concentration gradients are well dis-
played. In May 2020, methane concentrations were low (∼1,800
ppb) and rather uniform in the area of interest. On June 26, near
the climax of the heat wave (T curve in Fig. 1), the southern
lineament was for the first time clearly visible as an elongated
maximum in methane concentration.
In August, the southern maximum was strongest and the north-

ern maximum appeared, and in the following became approximately
as strong as the southern one. The situation remained unchanged
until March 2021, when concentration started rising across the en-
tire area and the two maxima partly disappeared in the increased
background concentrations. On April 10, 2021, almost the entire
area showed concentrations around 1,900 ppb. Comparison of the
maps for May 16, 2020, and May 15, 2021, shows the significant

Author contributions: N.F. designed research; N.F., J.M., and D.Z. performed research; D.Z.
analyzed data; and N.F. and J.M. wrote the paper.

The authors declare no competing interest.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: niko.froitzheim@uni-bonn.de.

Published August 2, 2021.

PNAS 2021 Vol. 118 No. 32 e2107632118 https://doi.org/10.1073/pnas.2107632118 | 1 of 3

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S
BR

IE
F
RE

PO
RT

http://orcid.org/0000-0002-6955-6029
http://orcid.org/0000-0002-6792-6866
http://orcid.org/0000-0003-2354-4708
https://climatereanalyzer.org/
https://pulse.ghgsat.com/
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2107632118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:niko.froitzheim@uni-bonn.de
https://doi.org/10.1073/pnas.2107632118
https://doi.org/10.1073/pnas.2107632118


increase of methane concentration within 1 y, focused on northern
Siberia.

Discussion
The almost perfect coincidence between the stripes where carbonate
rocks crop out and the elongated concentration maxima strongly
suggests that the maxima result from geologically controlled
methane emissions from the ground. These cannot represent mi-
crobial methane from the decay of soil organic matter because
soils are thin to nonexistent, nor can they come from wetlands
because there are relatively few wetlands on the carbonate rocks,
nor from vegetation because there is hardly any. Consequently, the
source must be thermogenic methane from the subsurface. The
Paleozoic carbonates are potential hydrocarbon reservoir rocks
(10). This opens the possibility that methane was emitted from gas
stored in the carbonates, probably in the form of gas hydrate.
The permafrost in North Siberia contains pockets and layers of
gas hydrate, which have caused blowouts during drilling. Hy-
drates also exist metastably above the hydrate stability zone
(11). The shallowest gas blowouts occurred at only 20-m depth
(11). Eruption of gas from the mobilization of gas hydrates is
assumed to have caused the formation of a gas eruption crater in
the Patom hills, further south in Siberia but still in the permafrost
zone (12). Importantly, this crater is on Neoproterozoic carbonate
rocks, showing that the process of gas eruption does occur in
carbonate rocks.

Ice-bonded permafrost is virtually impermeable for gases, leading
to permafrost-capped gas reservoirs (9). In the hydrate stability
zone, comprising the lower part of the permafrost and several
100 m below, methane and water form gas hydrate. Hydrates lo-
cated above the present-day stability zone either formed due to ice
load during glaciations, which raised the upper boundary of the
stability zone to the ground surface, or because of a pressure
increase due to freezing of water in pores and closed cavities
(5, 11). We suggest that the mobilization of gas hydrate in fractures
at shallow level, caused by warming from above during the heat
wave, reduced the pressure on deeper gas hydrate, which was then
mobilized, and so on, opening vents for increasingly deeper-seated
gas. This process can occur in any fractured rock but is expected to
be much faster in carbonate rocks, with their network of inter-
connected fractures and karst cavities, than in other rock types.
This may explain why the maxima over the limestone appeared
soon after the beginning of the heat wave. Rock composition may
also play a role: Increased temperature in the gas-hydrate–hosting
carbonates may mobilize hydrous fluid carrying dissolved CO2, which
would cause CH4–CO2 replacement in analogy to the guest gas
replacement technique applied to hydrate reservoirs, additionally
speeding up the methane mobilization process.
The spring 2021 concentration increase is unusual because the

area was still snow-covered and temperatures were low (curve in
Fig. 1). Methane emissions during spring thaw are known from
Arctic permafrost but these occur generally later, around end of

Fig. 1. Atmospheric methane concentrations in North Siberia during 2020–2021, from PULSE map (https://pulse.ghgsat.com/). Note two elongated
maxima of methane concentration (arrows) coinciding with carbonate outcrop areas (Fig. 2), and region-wide concentration increase in March
to April 2021. See Fig. 2 for location. Curve shows monthly means of 2-m temperature in Siberia (55°N–76°N, 70°E–180°E) during the study period
(https://climatereanalyzer.org/).

2 of 3 | PNAS Froitzheim et al.
https://doi.org/10.1073/pnas.2107632118 Methane release from carbonate rock formations in the Siberian permafrost area during

and after the 2020 heat wave

https://pulse.ghgsat.com/
https://climatereanalyzer.org/
https://doi.org/10.1073/pnas.2107632118


May (13). The area of maximum spring 2021 concentration increase
coincides with the maximum of 2020 temperature anomaly, i.e., the
Taymyr Peninsula and surroundings, making a link between sum-
mer 2020 heat wave and spring 2021 methane emission plausible.
The spring concentration increase, which is not restricted to the
carbonates but occurred in the entire Yenisey-Khatanga Basin and
surroundings, may at least partly also reflect gas hydrates from the
permafrost. The reason for the delay of approximately half a year
is unclear and requires further research.
To conclude, our observations hint at the possibility that permafrost

thaw does not only release microbial methane from formerly frozen
soils but also, and potentially in much higher amounts, thermogenic
methane from reservoirs below and within the permafrost. As a result,
the permafrost–methane feedback may be much more dangerous
than suggested by studies accounting for microbial methane alone.
Gas hydrates in Earth’s permafrost are estimated to contain 20 Gt of
carbon (14). Additionally, subpermafrost natural gas reservoirs may be

tapped. To clarify how fast methane from these sources can be
transferred to the atmosphere, further research is urgently required,
including monitoring of air composition, tracking of air move-
ment, collection of air samples for analysis of tracers of ther-
mogenic venting, and modeling of the hydrate destabilization
process.

Materials and Methods
We used freely accessible online resources, the PULSE map for methane
concentrations (https://pulse.ghgsat.com/) and the Climate Reanalyzer
(https://climatereanalyzer.org/) for temperature and snow cover data.

Data Availability. All study data are included in the article and/or supporting
information.
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Fig. 2. Geology of the Taymyr Peninsula in North Siberia. (A) Satellite image (ArcGIS World Imagery). Carbonate rock formations on both sides of the
Yenisey-Khatanga Basin visible as light-colored stripes. Outlines of atmospheric methane concentration anomalies (Fig. 1) indicated as yellow dashed lines.
(B) Simplified geological map (modified from ref. 8). Note close coincidence of carbonate formations and methane anomalies.
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